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Hierarchical Design of Electro-Hydraulic Actuator Control for VehicleDynamic Purposes
Bala´zs Varga, Bala´zs Ne´meth and Pe´ter Ga´spa´r
Abstract— The paper proposes a hierarchical control designof an electro-hydraulic actuator, which is incorporated in theactive anti-roll bars. The aim of the control system is togenerate a reference torque, which is required by the vehicledynamic control. The control-oriented model of the actuator isformulated in two subsystems. The upper-level hydromotor isdescribed in a linear form, while the lower-level spool valve is apolynomial system. These subsystems require different controlstrategies. At the upper-level a Linear Parameter Varyingcontrol is used to guarantee performance specifications. Atthe lower-level a Control Lyapunov Function-based algorithm,which creates discrete control input values of the valve, isproposed. The interaction between the two subsystems isguaranteed by the spool displacement, which is control input forthe upper-level and must be tracked by the lower-level control.The spool displacement has physical constraints, which mustalso be incorporated into the control design. The operation ofthe actuator control system is illustrated through a simulationexample.
I. INTRODUCTION AND MOTIVATION
An anti-roll bar is a device which connects the left-and right-hand-side suspensions on an axle. It consists oftwo torsion bars and a hydraulic actuator. It is essentialfor vehicles with high center of gravity, such as heavycommercial vehicles. The active anti-roll bar generates atorque between the sprung and unsprung masses in orderto improve comfort by reducing body roll and balance theeffect of the destabilizing roll moment generated by lateralacceleration.Various methods in the fields of control design of activeanti-roll bars have been presented, see e.g., [1]. An LQGmethod in the design of anti-roll control was proposed by[2]. A combined differential braking and anti-roll bars withan Linear Parameter Varying (LPV) control design methodwas proposed by [3]. An active roll control system based ona modified suspension system was developed with distributedcontrol architecture in [4]. A new H∞/LPV control methodto improve the trade-off between comfort and suspensiontravel was proposed by [5].The literature of hydraulic control systems is also veryextensive. The robotic applications of the commonly used
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electronically-controlled actuators, such as electromagneticmotors, hydraulic, pneumatic and piezoelectric actuatorswere detailed and compared in [6]. Several papers haveproposed control methods for hydraulic actuators. A non-linear PID controller for a hydraulic positioning system wasproposed by [7]. A velocity tracking robust PID control ofa hydraulic cylinder based on linear model with parameteruncertainties was published in [8]. A sliding control to dealwith a highly nonlinear model was proposed by [9]. Amathematical model for solenoid valves was proposed by[10]. In [11] a robust low-order control design of an electro-hydraulic cylinder was presented and analyzed on a testbed. The modelling and control of a hydraulic servo system,targeting at frequency domain based controller design and theimplementation of a LPV controller was proposed by [12].An LPV modeling and control design with LMI approachfor position tracking control of a class of electro-hydraulicservo systems driven by double-rod hydraulic actuators wasproposed by [13].
Fig. 1. Oscillating hydromotor actuator
The paper analyses an electro-hydraulic actuator, namelyan oscillating hydromotor, controlled by a spool valve. Theoscillating hydromotor is a rotary actuator with two cells,separated by vanes. The pressure difference between thevanes generates a torque on the central shaft, which has alimited rotation angle. The hydromotor is connected to asymmetric 4/2 four-way valve and the spool is controlled bya solenoid valve. The spool has a limited distance to moveand the input current can only take discrete values. Sincethe system has high energy density, it requires small space
and it has low mass. In addition, the actuator has a simpleconstruction, however, it requires an external high pressurepump [14].In the paper a hierarchical control design of the actuatoris proposed. The actuator is modeled as two subsystems, i.e.,the hydromotor and the valve. The hydromotor is modelledas a linear system, while an LPV control method is designedto handle physical constraints. The valve is modeled as apolynomial system, while its control design is based on aControl Lyapunov Function. The difficulty in valve controlis that its control input may only be discrete values. Theadvantage of the hierarchical structure is that the hydromotorand the valve are handled in two independent control designsteps.The paper is organized as follows. Section II presentsthe control-oriented hydromotor- and valve model. SectionIII describes the interconnection of the two subsystems andthe LPV control strategy for the hydromotor. Section IVproposes the controller of the spool valve based on a ControlLyapunov Function. Section V illustrates the operation ofthe multi-level control system through a simulation example.Finally, Section VI concludes the contributions of the paper.
II. MODELING THE ELECTRO-HYDRAULIC ACTUATOR
The hydromotor is modelled as a linear system with acontrol input xv and a reference Mref . The output of thesystem is the actuator torque Mact. The pressures in thechambers depend on the flows of the circuits Q1, Q2. pL isthe load pressure difference between the two chambers.The average flow of the system, assuming the supplypressure ps is constant, is as follows:
QL(xv, pL) = CdA(xv)
√
1
ρ
(ps − xv|xv|pL). (1)
This equation can be linearized around (xv,0; pL,0) such as
QL = Kqxv −KcpL, (2)
where Kq is the valve flow gain coefficient and Kc is thevalve pressure coefficient. In this modeling, the hydromotordoes not take into account the friction force and the externalleakage flow, see [14]. Moreover, the compressibility of thefluid is considered constant.The volumetric flow in the chambers is formed as
p˙L =
4βE
Vt
(QL − Vpϕ+ cl1ϕ˙− cl2pL), (3)
where βE is the effective bulk modulus, Vt is the total volumeunder pressure and Vp is proportional to the areas of vanecross-sections. cl1 and cl2 are parameters of the leakage flow.The motion equation of the shaft rotation due to thepressure difference p˙L and the external load Mref is formedas follows:
Jφ¨ = −daϕ˙+ VppL +Mref , (4)
where J is the mass of the hydromotor shaft and vanes, dais the damping constant of the system. Using the principle
of momentum, the output torque is
Mact = AvdepL (5)
with Av being the area of the vanes and de is the effectivediameter of the vanes. Using (3) and (4) the state-spacerepresentation of the hydromotor subsystem is formulated.The the states of the linear system are the load pressure
pl, the angular velocity ϕ˙ and displacement ϕ of the shaft:
xHM =
[
pL, ϕ˙, ϕ
]T . The state equation is as follows:
x˙HM = AHMxHM +B1HMw +B2HMu, (6)
where the matrices are the following:
AHM =
− 4βEVt (c2l +Kc) 4βEVt c1l − 4βEVt VpVp
J
−da
J
0
0 1 0
 ,
B1HM =
01
J
0
 ,
B2HM =
 4βEVt Kq0
0
 .
The measured output is yHM =Mact.The electronically-controlled spool valve is modeled asa polynomial system, which creates dependence betweencurrent i and spool displacement xv . In the modeling thenonlinear friction is ignored. The equation of motion iswritten as follows:
1
ω2v
x¨v +
2Dv
ωv
x˙v + xv = kvω
2
vi, (7)
where kv valve gain equals
kv =
QN√
ΔpN/2
1
uvmax
, (8)
where QN is the rated flow at rated pressure and maximuminput current, pN is the pressure drop at rated flow and uvmaxis the max rated current. Dv is the valve damping coefficient,which can be calculated from the apparent damping ratio. ωvstands for the natural frequency of the valve, see [15].Let Kf = ω2v , which is a spring-stiffness-like parameter.In [14] the flow force stiffness of the system can be approx-imated as follows:
K
′
f ≈ 0.43w(xv)(ps − pL),
where w(xv) is the area ratio and is a function of xv . Forcontrol-oriented modeling purposes a polynomial approxi-mation is used for the expression of Kf .In the paper Kf is approximated by a tenth-order polyno-mial of xv on the domain [−xv,max,+xv,max]:
Kf (xv) = p10x
10
v + p9x
9
v + ...+ p1xv + p0, (9)
where pis are the coefficients of the polynomial. Prior to thecontrol design (7) is rewritten into the following form:
x¨v = −2Dvωvx˙v −Kf (xv)xv + kvω2vi. (10)
III. HIERARCHICAL DESIGN OF ACTUATOR CONTROL
The actuator is separated into two subsystems, the hydro-motor (upper-level) and the valve (lower-level), which areinterconnected, see Figure 2. The purpose of the hydromotorcontrol is to track a reference torque Mref required bythe vehicle dynamics. The output signal of the upper-levelcontroller Kact,up is a reference spool displacement xv,ref ,which must be realized by the valve. The tracking of thisreference signal is ensured by the lower-level controller
Kact,low, which computes discrete values of current i onthe solenoids, which cause the displacement of the spool.
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Fig. 2. Architecture of control systems
The two subsystem controls must guarantee different re-quirements, which require different control approaches. Thedifficulty in the valve design is that its control input canonly be discrete values. The separated modeling also makesit possible to add a double constraint to the model, so thehydromotor controller will never calculate higher referencespool displacements xv,ref than what the spool can realize.However, there is always a phase difference between thereference signal and the output signal xv , therefore the outputsignal may overshoot and xv may overstep the constraint.To avoid this, there is a constraint for xv in the valvesubsystem in the form of a polynomial expression (9). Inthe independent control design the global stability of thecontrolled interconnected system must be ensured by theexistence of a Common Lyapunov Function. Further detailsabout hierarchical control design are found in [16].
In the following the control design of the upper-levelhydromotor is presented. The goal of the control designis to guarantee the tracking of the reference torque Mrefby an appropriate valve motion xv . The control input xvis physically realized by the lower-level controlled valvesystem.An important factor in hydromotor control is the limited
valve displacement xv,sat. Thus, the hydromotor controlmust guarantee input saturation. In the upper-level actuatorcontrol the LPV method is applied, in which the limitationcan be incorporated using parameter-dependent weightingfunctions. Further advantages of the LPV method are its dis-turbance rejection capability and the guarantee of robustnessagainst unmodelled dynamics.
In the design method two performances are defined whichmust be guaranteed by the control system such as:
• Torque trackingThe aim of the control design is to track a referencetorque signal Mref , which is defined by the vehicledynamic control. The performance is formulated as:
z1 =Mref −Mact; |z1| → min (11)
• Valve displacement minimizationBecause of limited control input, the valve motion mustbe handled. The minimization of valve displacementleads to:
z2 = xv; |z2| → min (12)
In LPV control design several weighting functions areformulated which guarantee a balance between the perfor-mances and scale the different signals of the system. Figure 3illustrates the closed-loop interconnection structure of controldesign.
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Fig. 3. Closed-loop interconnection structure
The performances z1, z2 are considered with parameter-dependent weighting functions in the following forms:
Wz,1 =
1
1− ρ ∙
α1,1s+ α1,0
T1,1s+ T1,0
, (13a)
Wz,2 =
1
ρ
∙ α2,1s+ α2,0
T2,1s+ T2,0
, (13b)
where α1,1, α1,0, α2,1, α2,0 and T1,1, T1,0, T2,1, T2,0 aredesign parameters. In the LPV system the scheduling variable
ρ = [ρmin . . . ρmax] incorporates the information about theactuator saturation.
Figure 4 shows the relationship between ρ and xv, where
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ρ
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Fig. 4. Scheduling variable ρ
xv,0 and xv,sat are design parameters. If ρ = 0.01 then z2performance has priority, which leads to the avoidance of
xv > xv,sat signal. However, z1 performance is degraded,which results in increased torque tracking error. If ρ = 0.99then adequate tracking is achieved, however, it requires largervalve displacement. Consequently, the weighting procedureis the following. If xv < xv,0 then ρ = ρmax, if xv between
xv,0 and xv,sat then
ρ = ρmax
xv,sat − xv
xv,sat − xv,0 + ρmin
xv − xv,0
xv,sat − xv,0 ,
and otherwise if xv > xv,sat then ρ = ρmin. In the method
ρmin = 0.01 and ρmax = 0.99 are selected.The role of Wdist and Wref is to scale the torquedisturbance signal Mdist and reference torque Mref . Thecontrol system requires the measurement of tracking error
Mref −Mact. The sensor noise of the measured signal isconsidered with weighting function Wn, which gives infor-mation about the bound of noise amplitude. Δ represents theuncertainty on the control input signal, which is derived fromthe inaccurate realization of xv at the lower-level control.Based on the closed-loop structure the control problemis formed, in which the robustness against uncertainties anddisturbance rejection must be guaranteed. The quadratic LPVperformance problem is to choose the parameter-varyingcontroller K(ρ) in such a way that the resulting closed-loopsystem is quadratically stable and the induced L2 norm fromthe disturbance and the performances is less than the value
γ [17], [18]. The minimization task is the following:
inf
K
sup
%∈FP
sup
‖w‖2 6=0,w∈L2
‖z‖2
‖w‖2
. (14)
The relation between the state, or output, and the pa-rameter ρ = σ(x) is used in the construction of the LPVcontroller, where σ(x) is a measured signal.
IV. CONTROL STRATEGY OF THE VALVE
The valve control aims to track the reference spool dis-placement, defined by the controller of the hydromotor. Thisperformance must be satisfied with the shortest settling timepossible. Also the control input i can only take three discretevalues:
i = {−imax, i0, imax} , (15)
where i0 = 0. The control strategy is based on the ControlLyapunov Function. It is used to test whether a control inputis able to stabilize the system.Definition 1: Let a dynamical system be given of the form
x˙(t) = f(x(t)) + g(x(t))u, (16)
where x(t) ∈ Rn, u(t) ∈ R and f and g are smooth vectorfields and f(0) = 0. The function V is a Control LyapunovFunction if V : Rn → R is a smooth, radially unboundedand positive definite function.The existence of such function implies that the system isasymptotically stabilizable at the origin, see [19].The dynamical system has a differentiable Control-Lyapunov Function if and only if there exists a regularstabilizing feedback u(x). It is called Artstein’s theorem.
The tracking error of the control is given as follows:
e = xv,ref − xv. (17)
The derivative of this expression, assuming that the referencesignal is constant for a given interval:
e˙ = −x˙v. (18)
Define the function r and its derivative:
r =e˙+ αe = −x˙v + α(xv,ref − xv), (19a)
r˙ =e¨+ αe˙ = −x¨v − αx˙v, (19b)
where α is a positive tuning parameter. Let the LyapunovFunction be given in the form
V =
1
2
r2 (20)
This function is positive definite for every r. By derivingthis function and substituting (19) the following equation isobtained:
V˙ = rr˙ = (−x¨v − αx˙v)(−x˙v + α(xv,ref − xv)) (21)
By substituting the first row of (10) into (21), formally anequation of an ellipsoid for x˙v and xv is obtained. Thesolution to the equation gives the limit of the controllableregions, wherein the states of the system can exist. Theequation is written as follows:
Aex˙v
2 +Bex
2
v + Cex˙vxv +Dex˙v + Eexv + Fe = 0 (22)
where Ae, Be, Ce, De, Ee, Fe are the coefficients of theellipsoid which are achieved by rearranging:
Ae = α− 2Dv
Be = −Kf (xv)− 2Dvα+ α2
Ce = −Kf (xv)α
De = kvω
2
vi+ 2Dvαxv,ref − α2xv,ref
Ee = Kf (xv)αxv,ref + kvω
2
viα
Fe = −kvω2viαxv,ref
The parameter α must be tuned so that the system canreach the feasible states with the given control input. Note
that Ae, Be, Ce, De, Ee, Fe are all functions of α so it has asignificant effect on the shape of the set of the controllableregions. To achieve an acceptable performance, the afore-mentioned parameter must be chosen carefully.
Fig. 5. Controllability regions of the discrete control inputs (xv,ref = 0m)
The states which can be stabilized by the control input areshown in Figure 5. Since the coefficients in (22) depend onthe states, the ellipsoid is degenerated and opened on the x˙v,
xv plane. The reference signal xv,ref can only take valuesbetween ±xv,sat, which represent the saturation where thespool of the valve can not open more. The subsets whereeach control input can stabilize the plant are indicated withdifferent colors.
• There are two domains where none of the control inputscan stabilize the system. However, this does not pose aproblem, since the system is stable, see (10).
• There are also domains where multiple inputs can takethe system to the reference value. The control strategyexploits this feature to switch between control inputs.
• For different values of xv,ref the shape of the control-lable regions changes, therefore the domain where eachcontrol input can operate also changes.
The control algorithm for the spool valve is based onsolving the Control Lyapunov Function. For every time stepthe control strategy calculates the values of the ellipsoids(22) by substituting the momentary values of the states andthe reference signal, for each discrete control input. Thecontroller switches between input signals by choosing theappropriate solution. In our strategy the lowest value of thepossible solutions is chosen in order to guarantee referencetracking, i.e., xv tends toward xv,ref .Assuming Emax, E0, Emin are the solution of the ellip-soid equations (22) for imax, i0, imin respectively, the con-trol algorithm can be formulated mathematically as follows:
i =

0 when min {Emax, E0, Emin} ≥ 0
imax when min {Emax, E0, Emin} = Emax
i0 when min {Emax, E0, Emin} = E0
imin when min {Emax, E0, Emin} = Emin(23)
For energy saving considerations, the control strategypresented above shall be augmented with an additionalcriterion. If the reference torque on the upper-level Mref is apredefined small value, the control input is always set at zero.This criterion is necessary because otherwise the output xvwould fluctuate around the reference xv,ref , which is zeroat this point and the controlled system would never reachequilibrium.Figure 6 illustrates the domains where each controller canoperate at a given reference signal with the given controlstrategy explained above.
Fig. 6. Control regions of the proposed strategy at xv,ref = 0.005m
V. SIMULATION EXAMPLE
The operation of the electro-hydraulic actuator is presentedthrough a simulation example. In the scenario the parametersof an anti-roll bar actuator of a light vehicle are used. Themaximum spool valve displacement is |xv,sat| = 10 mm,the discrete current states are 0A and ±0.35A.The input of the system is the reference torque Mref ,which is required by the vehicle dynamic control. Thetorque tracking performance of the actuator is shown inFigure 7(a). Noise on the torque measurement is found inFigure 7(b), which does not have a significant effect on thetracking performances. The undesirable sensor noise can beeliminated by the LPV control.At high values of the reference torque (eg. at 8 sec and
26 sec) the tracking error increases because of the limitationof xv , see Figure 7(c). In order to avoid the saturationof xv,ref the scheduling variable ρ is reduced, see Figure7(d). Thus, the minimization of the valve displacement hasa priority, while the tracking error increases. The referencevalve position signal xv,ref computed by the LPV controland the real position xv realized by the lower-level controlare illustrated in Figure 7(c).It is shown that the lower-level controller guarantees thetracking of the reference displacement with an appropriatethreshold. Note that the error xv,ref − xv does not degradethe torque tracking owing to the uncertainty consideration in
the LPV design. The control current of the valve i is shownin Figure 7(e).
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Fig. 7. Operation of the actuator control
VI. CONCLUSION
In the paper an electro-hydraulic actuator control designhas been proposed. It is based on a hierarchical structure.The actuator is separated into two subsystems. The controlof the hydromotor is based on the LPV method and tracks areference torque while fulfilling a robustness criterion. The
valve model has a state constraint for the spool displacementdue to physical considerations and the valve control uses theControl Lyapunov Function to calculate discrete input currentvalues.The simulation results show that the two-step hierarchicalactuator control is able to guarantee the tracking of thereference torque signal adequately. Both of the controllers inthe hierarchy guarantee the tracking and saturation avoidancecapability of the system. Moreover, the controlled system isrobust against torque sensor noise and lower-level controlimprecision.
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